Transposable element (TE) activity is repressed in animal gonads by PIWI-interacting RNAs (piRNAs), a class of small RNAs produced by specific loci made of TEs insertions and fragments. Current models propose that these loci are functionally defined by the maternal inheritance of piRNAs produced during the previous generation, raising the question of their first activation in the absence of piRNAs. Taking advantage of an inactive cluster of P-element derived transgene insertions, we show here that raising flies at high temperature (29°C) instead of 25°C results in a rare but invasive epigenetic conversion of this locus into an active piRNAs producing one. The newly acquired epigenetic state is stable over many generations even when flies are switch back to 25°C. The silencing capacities, piRNA production and chromatin modifications of the cluster are all identical whether conversion occurred by maternal piRNA inheritance or by high temperature. We also demonstrate that in addition to high temperature, a single homologous transgene inserted elsewhere in the genome is required to activate the locus.
INTRODUCTION
Transposable element (TE) activity needs to be repressed to avoid severe genome instability and gametogenesis defects. In humans, growing evidences have implicated TE in several disorders such as cancers defining a new field of diseases called transposopathies (1, 2) .
In the animal germline, TE activity is controlled at both transcriptional and post-transcriptional levels by small RNAs called piRNAs associated with the PIWI clade of germline Argonaute proteins (Piwi, Aub and Ago3 in Drosophila) (3) (4) (5) (6) . piRNAs are processed from transcripts produced from specific heterochromatic loci enriched in TE fragments, called piRNA clusters (3, 4) . These loci undergo non-canonical transcription, ignoring splicing and transcription termination signals licensed by specific protein complexes such as Rhino-Deadlock-Cutoff (7, 8) and Moonshiner-TRF2 (9) . Thus, when a new TE inserts into a naive genome, it will freely transpose until one copy gets inserted into a piRNA cluster leading to the production of homologous new TE piRNAs that will then repress transposition (10) . In support of this idea, exogenous sequences inserted into preexisting piRNA clusters lead to the production of matching piRNAs (11) (12) (13) (14) (15) . The specificity of the efficient repression mediated by piRNAs appears to be determined solely by the piRNA cluster sequences. It raises thus the question of how piRNA cluster loci are themselves specified. Histone H3 lysine 9 tri-methylation (H3K9me3) that is recognized by Rhino, a paralog of heterochromatin protein HP1 (16) , is a shared feature of piRNA clusters. However, enrichment of H3K9me3 is not specific to piRNA clusters and tethering Rhino onto a transgene leads to the production of piRNAs only when both sense and antisense transcripts are produced (8) . This suggests that neither H3K9me3 marks nor having Rhino-bound is sufficient to induce piRNA production. One current model proposes that piRNAs clusters are defined and activated at each generation by the deposition in the egg of their corresponding piRNAs from the mother (17) . In support of this model, we described previously the first case of a stable transgenerational epigenetic conversion known as paramutation in animals (11) . This phenomenon was first described in plants and defined as "an epigenetic interaction between two alleles of a locus, through which one allele induces a heritable modification of the other allele without modifying the DNA sequence" (18, 19) . In our previous study, we showed that an inactive non-producing piRNA cluster of P transgene insertions inherited from the father can be converted into a piRNA-producing cluster by piRNAs inherited from the mother (11) . However, this attractive model does not answer the question of how the first piRNAs were produced.
To address this paradox, we used the same BX2 cluster of seven P(lacW) transgenes which resulted from multiple and successive P(lacW) transposition events, thus resembling the structure of natural piRNA clusters (20) . The key advantage of the BX2 locus is that it can exist in two epigenetic states for the production of germline piRNAs: 1) the inactive state (BX2 OFF ) does not produce any piRNAs and thus is unable to repress the expression of homologous sequences, and 2) the active state (BX2 ON also called BX2*) produces abundant piRNAs that functionally repress a homologous reporter transgene in the female germline (11, 12) . We therefore used BX2 in an inactive state to search for conditions that would convert it into an active piRNA-producing locus, without pre-existing maternal piRNAs. In this report, we describe how developing flies at high temperature -29°C instead of 25°C -induces the conversion of an inactive BX2 locus (BX2 OFF ) into a stable piRNA cluster exhibiting repression properties (BX2 ON ). It should be noted that flies in their natural habitat exhibit this range of temperature, especially in the context of global warming. These data provide the first report of a de novo piRNA cluster establishment independently from maternal inheritance of homologous piRNAs and underline how environmental changes can stably induced transgenerational modification of the epigenome.
MATERIALS AND METHODS

Transgenes and strains
The BX2 line carries seven P-lacZ-white transgenes, (P(lacW), FBtp0000204) inserted in tandem and in the same orientation at cytological site 50C (20) . P(TARGET) corresponds to P(PZ) (FBtp0000210), a P-lacZ-rosy enhancer-trap transgene inserted into the eEF5 gene at 60B7 and expressing ß-Galactosidase in the germline (FBst0011039). References of other transgenes and strains used in this study are detailed in Supplementary Information. 
ß-Galactosidase staining
Ovarian lacZ expression assays were carried out using X-gal overnight staining at 37°C as previously described (21) . After mounting in glycerol/ethanol (50/50), the germline lacZ repression was then calculated by dividing the number of repressed egg chambers by the total number of egg chambers. Most of the time, the total number of egg chambers was estimated by multiplying the number of mounted ovaries by 60, corresponding to an average of 3 to 4 egg chambers per ovariole and 16 to 18 ovarioles per ovary. Pictures were acquired with an Axio-ApoTome (Zeiss) and ZEN2 software.
Fly dissection and RNA extraction.
For each genotype tested, 20 pairs of ovaries were manually dissected in PBS 1X. For small RNA sequencing, total RNA was extracted using TRIzol (Life Technologies) as described in the reagent manual (http://tools.lifetechnologies.com/content/sfs/manuals/trizol_reagent.pdf). For the RNA precipitation step, 100% ethanol was used instead of isopropanol. For RT-qPCR experiments, total RNA was extracted using TRIzol for BX2 and w 1118 females or RNeasy kit (Qiagen) for P(TARGET) females. Up to 6 biological replicates were used for each genotype.
small RNA sequencing analyses
Analyses were performed as previously described (11, 12) . For details, see Supplementary Information.
Availability
Small RNA sequences and project have been deposited at the GEO under accession number GSE116122.
ChIP and RT-qPCR experiments
Procedures, as a list of primer sequences used, were detailed in Supplementary Information.
RESULTS
Germline silencing induced at high temperature
Earlier studies of hybrid dysgenesis reported that high temperature enhances P-element repression (22) and that thermic modification of P repression can persist over several generations (23) . Moreover, P-element repression in a strain carrying two P-elements inserted in a subtelomeric piRNA clusters can be stimulated by heat treatment (24) . Very recently, the tracking of natural invasion of P-element in Drosophila simulans confirmed the key role of a high temperature in the establishment of repression through generations (25) . These results suggested that temperature may influence piRNA cluster activity. In order to investigate whether high temperature (29°C) could affect the stability of BX2 epialleles (BX2 OFF and BX2 ON ) across generations, we generated flies carrying each of the BX2 epialleles and a P(TARGET) reporter transgene sharing P and lacZ sequences with BX2 on the same chromosome. As was previously by high temperature were named hereafter BX2 Θ (Greek theta for temperature) to distinguish them from the BX2* lines converted by maternally inherited piRNAs (11) . Taken together, our data show that BX2 OFF can be functionally converted by high temperature (29°C), strongly suggesting that de novo piRNA production can occur in the absence of maternal inheritance of homologous piRNAs. , TABLE S3 ).
Second, we had shown before that the progeny having paternally inherited the BX2 OFF locus and maternally inherited only the piRNAs produced by the BX2* mother without the genomic locus showed 100% conversion (11) . This process of recurrent conversions of an allele that is heritable without DNA modification is known as paramutation, thus BX2* females are paramutagenic, i.e. able to trigger paramutation. To test this property on BX2 lines converted by temperature, BX2 Θ females were crossed with BX2 OFF males. The progeny that inherited the paternal BX2 OFF locus but not the maternal BX2 Θ locus was selected and three independent lines were established (FIG S1B). Silencing measured during 20 generations revealed 100% of repression capacity showing that BX2 Θ is also paramutagenic (n flies = 159, TABLE S4).
To determine whether the silencing capacities of BX2 Θ involved piRNAs, small RNAs from BX2 OFF , BX2 Θ and BX2* ovaries were extracted and sequenced (TABLE S5) . Unique reads matching the P(lacW) sequences were identified only in the BX2 Θ and BX2* libraries (FIG 2A) .
Most of these small RNAs display all the characteristics of bona fide germline piRNAs, i.e. a high proportion of 23-29 nt with a strong U bias on the first 5' nucleotide and an enrichment of 10-nucleotides overlap between sense and antisense piRNAs also known as the ping-pong signature (FIG 2B-C, (3, 4) . As a control, the 42AB piRNA cluster, a canonical germline dualstrand piRNA cluster, presented no significant difference between the three genotypes (FIG S2) .
Therefore, these results show that high temperature can initiate piRNA production from BX2 naive sequences (BX2 OFF ) and strongly suggest that once a piRNA cluster is activated for piRNA production, the 'ON' state is maintained at each generation by maternal inheritance of piRNAs.
To test whether other non-piRNA producing genomic loci have started to produce piRNAs following high temperature treatment, we looked for specific piRNAs (23-29 nt) matching at unique positions on Drosophila chromosomes and compared them between BX2 Θ and BX2 OFF . The reads were then resampled per 50 kilobases windows. To eliminate background noise, only regions that produced more than 5 piRNAs per kilobase on average on both libraries were considered. Only exons of the white gene present in the P(lacW) transgenes of BX2 showed differential piRNA expression (log2 ratio > 8.5, FIG S3) . This analysis revealed that the activation of piRNA production after thermic treatment is restricted to the BX2 locus, suggesting that all other loci able to produce piRNAs are already activated.
Previous studies had suggested that the chromatin state plays a role in the differential activity of BX2 (26) . We therefore profiled H3K9me3 marks and Rhino binding on the P(lacW) transgene in ovaries from BX2 OFF , BX2 Θ and BX2* strains by chromatin immunoprecipitation (ChIP) followed by quantitative PCR (qPCR). In both strains BX2 Θ and BX2*, H3K9me3 and Rhino were similarly enriched over the P(lacW) transgene compared to the BX2 OFF strain (significantly for H3K9me3, FIG 2D, 2E ). Taken together, all these results show that de novo activation of BX2 OFF by 29°C treatment (BX2 Θ ) or paramutation by maternal inheritance of homologous piRNAs (BX2*) lines leads to similar functional and molecular properties.
Epigenetic conversion at 29°C occurs at a low rate from the first generation.
To explain the low occurrence and the generational delay of BX2 conversion at 29°C (TABLE S1) we propose that conversion is a complete but rare event occurring in a small number of egg chambers at each generation. Under this hypothesis, the sampling size of tested females should be crucial to observe such stochastic events. We therefore increased the number of analyzed females raised at 29°C during one generation. For this, eggs laid by females maintained at 25°C carrying the P(TARGET) reporter transgene and the BX2 OFF locus were collected during three days. These eggs were then transferred at 29°C until adults emerged ( FIG   3A) . In order to follow their offspring, we crossed individually 181 G1 females with two siblings and let them lay eggs for three days at 25°C. These 181 G1 females were then stained for ß- TABLE S1 ). This hypothesis is in agreement with a theoretical model that we tested on eight independent lines followed during 25 generations at 29°C (TABLE   S6 , FIG S4 and SUPPLEMENTAL INFORMATION 1) .
Altogether, our results illustrate how environmental modifications like high temperature experienced during one generation might stably modify the epigenome of the future ones. Such newly acquired epigenetic state may spread in a given population within a few generations.
High temperature increases BX2 antisense RNA but not piRNAs.
Previously, we showed that BX2 OFF and BX2 ON produce similar amounts of sense and antisense transcripts (11) . However, these transcripts do not lead to ß-Galactosidase expression in the germline nor piRNA production in the BX2 OFF line. We wondered if high temperature might change the RNA steady-state level of BX2. To ensure that we were detecting RNA specifically from BX2, qRT-PCR experiments targeting lacZ gene were carried out on ovarian RNA extracted from BX2 OFF line that did not contain P(TARGET). We observed a significant increase in the steady-state BX2 RNA levels at 29°C compared to 25°C (FIG 4A) . Remarkably, strand-specific qRT-PCR experiments revealed that only BX2 antisense transcripts increase at 29°C (FIG 4B) .
As BX2 is inserted into the AGO1 gene in a convergent transcription manner (11) , FIG 4C) , we compared AGO1 steady-state RNA level at 29°C and 25°C. AGO1 presents a significant increase at 29°C (FIG 4D) suggesting that an increase of transcription from the AGO1 promoter at 29°C could lead to an increase of BX2 antisense RNA transcription.
We then examined whether the increase of BX2 antisense RNAs leads to an increase of antisense small RNAs. Ovarian small RNAs (18 to 30 nucleotides) of three biological replicates of BX2 OFF flies (without P(TARGET)) raised at 25°C and at 29°C for one generation were sequenced and the read numbers normalized (TABLE S7) (FIG 4G, H, I) suggesting that BX2 transcripts are processed into siRNAs.
Heat conversion requires a homologous sequence in trans.
qRT-PCR experiments described above were carried out on flies bearing only the BX2 locus while all conversion experiments at 29°C were done with flies bearing the BX2 locus and the P(TARGET). We next asked whether the P(TARGET) transgene could participate in the conversion process of BX2. For this, 'heat-activated-conversion' experiments of BX2 were done in flies not carrying the P(TARGET) (FIG S5) . To assess the BX2 epigenetic state of the G1 raised at 29°C, 157 G1 females were then individually crossed at 25°C with males harboring the P(TARGET) transgene. Among the 1137 G2 females analyzed, only one female presented partial repression of the ß-Galactosidase expression and none presented complete repression (FIG S5) . If we compare these results with those obtained with the BX2, P(TARGET) lines (FIG 3) , the difference was highly significant (p = 8.5.10 -6 , homogeneity chi2 test, TABLE 1). To further validate the requirement of the euchromatic homologous transgene P(TARGET) in establishing the temperature-dependent BX2 conversion, we generated eight independent lines in which BX2 was recombined into the same P(TARGET) genetic background but without the P(TARGET) transgene. After 13 generations at 29°C, no female showing ß-Galactosidase repression was observed (TABLE S8) , arguing against a background effect of the P(TARGET) line in the conversion phenomenon (p=7.04.10 -44 , homogeneity chi2 test compared to BX2, P(TARGET) after 13 generations at 29°C, TABLE S1). We concluded that the presence of a reporter transgene sharing homologous sequences (i.e. lacZ) with BX2 is essential for the BX2 conversion at 29°C.
To summarize, in the absence of P(TARGET) sequences, BX2 OFF produces more antisense transcripts, no piRNAs and is unable to be converted to BX2 ON at 29°C. In contrast, when P(TARGET) is present, BX2 conversion and piRNA production are observed at 29°C. We propose that, at 29°C, the interaction between the excess of BX2 antisense transcripts and the sense P(TARGET) transcripts is a prerequisite for the production of de novo piRNAs and the conversion of BX2 into an active piRNA cluster.
DISCUSSION
Here, we report on the heritable establishment of a new piRNA cluster associated with silencing properties induced by high temperature during development. By doing so, we uncovered that thermic changes, like global warming, might have consequences on the efficiency of TE regulation. The epigenetic response to heat exposure has been studied in several model species: in Arabidopsis for instance, increasing temperature induces transcriptional activation of repetitive elements (27) (28) (29) . Whether these changes involve chromatin modifications is not clear but none of these modifications have been found to be heritable through generations except in mutants for siRNA biogenesis where high frequency of new TE insertions was observed in the progeny of stressed plants (27) . In animals, response to heat can result in modification of DNA methylation at specific loci in reef building coral (30) , chicken (31) and wild guinea pigs (32) . In the latter, modifications affecting ≈50 genes are inherited in G1 progeny (32) . However, the mechanisms of this heritability are not yet understood. In Drosophila, heat-shock treatment of 0-2h embryos for one hour at 37°C or subjecting flies to osmotic stress induce phosphorylation of dATF-2 and its release from heterochromatin (33) . This defective chromatin state is maintained for several generations before returning to the original state. We have tested if such stresses were able to convert BX2 OFF into BX2 ON in one generation but neither heat-shock nor osmotic stress induces BX2 conversion (TABLE S9), suggesting that BX2 activation does not depend on dATF-2. In a more recent paper, Fast et al. (34) found less piRNAs at 29°C than at 18°C. However, RNAseq analyses of differentially expressed genes involved in the piRNA pathway were not conclusive, as some piRNA genes were more expressed at 29°C (ago3, aub, zuc, armi) while others were less expressed (shu, hsp83, Yb) (34) . Overall, the enhancement of the piRNA pingpong amplification loop observed at 29°C was attributed to RNA secondary structures, because of a lack of specificity for any particular class of TE (34) . Furthermore, in contrast to our RT-qPCR results obtained at 25°C and 29°C (FIG 4D) , AGO1 was not differentially expressed between 18°C and 29°C (34) . This difference can be explained, because, in our experiments, we checked for specific spliced transcripts of AGO1 that originate upstream the BX2 insertion point (FIG 4C) . Taken together, all these observations show that temperature modification might induce epigenetic changes in several species but the underlying mechanisms remain largely unsolved.
Whole genome comparison of small RNA sequencing between BX2 OFF and newly BX2 ON heat-converted flies (BX2 Θ ) did not reveal additional regions stably converted for piRNA production (FIG S3) . This suggests that no other loci are metastable for piRNA production, i.e. all potential piRNA clusters are already activated at 25°C. This observation raises the question of what makes BX2 locus competent for piRNA activation at high temperature. The BX2 locus is the result of successive induced transpositions of P(lacW) used to screen for white-variegating phenotype (20) . Thus, BX2 resembles natural TE clusters where TEs have the capacity to transpose into each other assembling structures named nested TE, as described in numerous genomes (35) (36) (37) . Some nested TE loci might have the capacity to be activated and respond to a new TE invasion. In Drosophila, BX2-like tandemly inserted transgenes were shown to be new sites of HP1 enrichment in larval salivary glands emphasizing a heterochromatic structure at the BX2 locus in somatic cells (38) and to cause pairing-dependent silencing (39) . However, when tested for repressing capacities, this strain is inactive for BX2 piRNA production (11, 40) . We have shown that maternally inherited P(lacW) piRNAs are able to paramutate with complete and stable penetrance from an inactive BX2 locus into an active locus for piRNA production (11) . The paramutated BX2 locus appeared to be a genuine piRNA cluster since it is sensitive to a number of factors known to be involved in piRNA biogenesis such as aub, rhi, cuff, zuc (12) and moonshiner (FIG S6) . The number of transgene copies appears to be crucial in the processes since smaller number of transgenes results in lesser somatic heterochromatinization (20, 38) , lesser pairing-dependent silencing (39) and unstable paramutation (11) . Taken together, these data suggest that the heterochromatic structure of a cluster precedes piRNA production. This is sustained by our ChIP experiments showing that H3K9me3 levels on BX2 OFF are slightly below the H3K9me3 level of piRNA producing states (BX2 ON and BX2 Θ FIG 2D) . The same observation can be made for Rhino (FIG 2E) suggesting that Rhino may be already present on the BX2 OFF locus but below the threshold required for piRNA production as suggested by (41) . Thus, a locus made of repeated sequences and being likely heterochromatic (H3K9me3, Rhino) is a necessary but not sufficient condition to specify an active piRNA cluster.
In the germline, piRNA clusters produce piRNAs from both strands and it was recently shown that, in most cases, transcription initiates within clusters on both strands through the interaction of Rhino and Moonshiner (9) . In few cases, however, piRNA cluster transcription may take advantage of the read-through from a flanking promoter (9). Zhang et al. (8) have shown that tethering Rhino onto a transgene leads to its repression but the production of piRNA depends on the presence of another transgene producing antisense RNA. Moreover, in the context of the Pld promoter deletion, a gene flanking the 42AB piRNA cluster, flies can produce Pld piRNAs only if a Pld cDNA is expressed in trans (9) . From all these observations, it emerges that production of simultaneous sense and antisense RNA is a shared requirement for piRNA production. However, even if BX2 OFF is transcribed on both strands, it still remains inactive for piRNA production.
In addition to having a number of heterochromatic repeats and a double stranded transcription, the production of de novo piRNAs from BX2 requires a triggering signal. 0 1000   18 19 20 21 22 23 24 25 26 27 28 29 18 19 20 21 22 23 24 25 26 27 28 29 18 19 20 21 22 23 24 25 26 27 
